Southeast Asia (SEA) is enriched with a complex history of peopling. Malaysia, which is located at the crossroads of SEA, has been recognized as one of the hubs for early human migration. To unravel the genomic complexity of the native inhabitants of Malaysia, we sequenced 12 samples from 3 indigenous populations from Peninsular Malaysia and 4 native populations from North Borneo to a high coverage of 28-37×. We showed that the Negritos from Peninsular Malaysia shared a common ancestor with the East Asians, but exhibited some level of gene flow from South Asia, while the North Borneo populations exhibited closer genetic affinity towards East Asians than the Malays. The analysis of time of divergence suggested that ancestors of Negrito were the earliest settlers in the Malay Peninsula, whom first separated from the Papuans ~ 50-33 thousand years ago (kya), followed by East Asian (~ 40-15 kya), while the divergence time frame between North Borneo and East Asia populations predates the Austronesian expansion period implies a possible pre-Neolithic colonization. Substantial Neanderthal ancestry was confirmed in our genomes, as was observed in other East Asians. However, no significant difference was observed, in terms of the proportion of Denisovan gene flow into these native inhabitants from Malaysia. Judging from the similar amount of introgression in the Southeast Asians and East Asians, our findings suggest that the Denisovan gene flow may have occurred before the divergence of these populations and that the shared similarities are likely an ancestral component.
Introduction
Southeast Asia (SEA) is a region with great cultural, linguistic, and genetic diversity. However, the study of the genetic architecture of Southeast Asian populations is scarce. To date, the history of the peopling of SEA remains fragmentary and inconclusive. Early studies on mitochondrial DNA (mtDNA) postulated that anatomical modern human (AMH) may have inhabited this region approximately 50 thousand years ago (kya) (Macaulay et al. 2005; Hill et al. 2006) . Subsequent investigations on autosomal genetic markers and cranio-facial features suggested that the peopling of SEA was pioneered by AMH through "out of Africa" via the southern route migration, past the Indian subcontinent (The HUGO Pan-Asian SNP Consortium 2009; Matsumura and Oxenham 2014; Lipson et al. 2014; Deng et al. 2014; Mörseburg et al. 2016) . Recent studies proposed early migration out of Africa, culminating in the peopling of SEA and Australasia, followed by subsequent dispersals to the mainland of Eurasia (Malaspinas et al. 2016; Mallick et al. 2016; Pagani et al. 2016) . Intriguingly, postulations that the introgression between archaic hominids and AMH could have occurred in of SEA complicate the elucidation of the population structures in this region (Reich et al. 2011) . Malaysia, which is geographically located at the crossroads of SEA, has been an important piece of the puzzle in completing the picture of the history of peopling in this continuum.
Malaysia is divided into the western part of the Malay isthmus and the eastern section on the island of Borneo. The Peninsular Malaysia is primarily home for the natives including the Malays and the indigenous populations (or locally known as Orang Asli) that are categorized into Negrito, Senoi, and Proto-Malay. The Negritos who speak Austro-asiatic language are thought to be the first settlers in the land of Malay Peninsula (Macaulay et al. 2005; Hill et al. 2006 ; The HUGO Pan-Asian SNP Consortium 2009; Aghakhanian et al. 2015) . They traditionally practiced hunting-gathering and nomadic lifestyle. It was believed that subsequently multiple waves of migrations introduced the Austro-asiatic Senoi who were the swiddening farmers and the Austronesian Proto-Malay, while the historical influx and the multiple admixture events over recent centuries had shaped the Malay population today (Jinam et al. 2012; Lipson et al. 2014; Deng et al. 2015; Mörseburg et al. 2016) .
The island of Borneo was once linked to the mainland of SEA, together with the west and south Indonesia islands forming the great landmass of Sundaland bridging the Eurasia continent before sea levels rose during the last glacial maximum ~ 15 kya (Hanebuth et al. 2000; Bellwood 2007) . Archaeological evidence suggests that Borneo was first inhabited by the Austrolo-Melanesian people who were believed to be the direct descendants from the out of Africa exodus (Reyes-centeno et al. 2015; Curnoe et al. 2016) during Pleistocene period, but were then replaced by the Austronesians (Bellwood 2007) . North Borneo, also known as Sabah, is geographically nearest to the Southern Philippines, and possibly serves as a viaduct of the "Out-ofTaiwan" migrations towards the archipelago of SEA (Tabbada et al. 2010) . The natives from North Borneo (locally known as 'Bumiputera'-the son of soil) comprise more than 40 ethnicities, and are essentially categorized into five major linguistic groups, i.e., Dusunic, Paitanic, Murutic, Ida'anic-, and Sama-Bajaw. However, the genetic diversity of these multi-ethnic populations has yet to be appropriately characterized.
To refine the current understanding of SEA population history, in particular Malaysia, this study attempts to dissect the genetic structure of the Orang Asli from Peninsular Malaysia and the natives from North Borneo. We collectively denote herein all sub-tribes of the Orang Asli populations from Peninsular Malaysia as OA, all native sub-tribes from North Borneo as NB. To date, only a few publications have reported whole-genome sequences from a limited number of SEA populations (Wong et al. 2014; Salleh et al. 2013; Wan Juhari et al. 2014; Malaspinas et al. 2016; Mallick et al. 2016) . Thus, for the first time, we report whole-genome sequences of 12 unrelated individuals from 3 OA populations from Peninsular Malaysia (Negrito Bateq, Negrito Mendriq, and Senoi Semai) and 4 native populations from North Borneo (Dusun, Murut, Rungus, and Songsogon). The summary of the sequence data is reported first and followed by a dissection of the genomic structures of these populations. Finally, we catalogued the proportion of introgression between these genomes with the Denisovan and Neanderthal genomes. Informed written consent was obtained from the volunteers aged 18 years and above. Their family history, pedigree, and self-reported ethnicity were recorded via an interview using local dialect. Peripheral blood (ranging from 8 to 10 ml) was collected from each of the 12 unrelated volunteers. Including 6 indigenous individuals from Peninsular Malaysia (i.e., OA) (2 Bateq Negritos, 2 Mendriq Negritos, and 2 Semai Senois) and 6 native individuals from North Borneo (i.e., NB) (2 Murut, 2 Dusun, 1 Sonsogon, and 1 Rungus). The sampling locations are shown in Figure S1 . Details of the populations and sampling information are shown in the Supporting Information.
Materials and methods

Sample recruitment, collection, and genotyping
Whole-genome sequencing
Generation of sequencing data
Sample preparation prior sequencing is elaborated in the Supplementary Information. DNA samples were subsequently sequenced with the Illumina HiSeq 2000. Approximately, 30× sequencing coverage was targeted for 100 bp paired-end reads, with insert sizes of 300-400 bp according to the manufacturer's instruction.
Reads alignment and variant calling
The pair-end reads were mapped to the human reference genome GRCh37 (the 1000 Genomes release) using 'bwa aln' in bwa0.7.5a. Low-quality reads were also trimmed using '-q 16' in bwa. The alignment reads were subsequently merged and converted to coordinate-sorted BAM format using SAMtools 0.1.16. Potential artefacts due to PCR duplicates were then removed using Picard 1.93. The Genome Analysis Toolkit (GATK) was used to realign the reads in the potential small insertion or deletion region, and to recalibrate the base-quality score (McKenna et al. 2010 ). Variant quality scores were then recalibrated, and those passing the threshold were used in subsequent analyses. The identified single nucleotide variants (SNVs) were then categorized based on its functional annotation, namely, synonymous, non-synonymous, and stop codon (loss or gain of function).
Details of the sampling procedures and variant calling process are further elaborated in Supporting Information. The genome sequence of the samples has been submitted to the National Omics Data Encyclopedia (NODE) (http:// www.biosi no.org) with the assigned accession number: NODEP00371760.
Genome sequence data
Anatomical modern human (AMH) genome sequences
Individual genome sequences were downloaded from publicly available databases. The genomes include individuals representing populations from Africa (Dinka, Mandenka, Mbuti, San, and Yoruba), America (Karitiana and Mixe), East Asia (Dai, Han, Southern Han Chinese, and Japanese), Europe (French, Sardinian, CEPH, English, and Finnish), Oceania (Australian aborigines and Papuans), Southeast Asia (Malay), and South Asia (Southern India from Singapore). Information pertaining to the details of these individual genomes is listed in Table S1 .
Archaic genomes
Archaic genome sequences were downloaded from (http:// cdna.eva.mpg.de/neand ertal /altai /). We included in this analysis high coverages of Neanderthal (average 50x) (Prüfer et al. 2014) and Denisovan genomes (average 30x) (Meyer et al. 2012) (Table S1 ). BAM files were used to obtain sequence information. Data process of the archaic genomes was carried out according to the criteria outlined by Reich et al. (2010) . We first extracted the autosomal loci from these archaic genomes, and removed bases with low-quality reads (< 40×), and those within 1-5 bp from the 5′-end of the sequence. Reads with mapping quality < 90× for Neanderthal and < 37× for Denisovan were also removed, and we randomly chose a single read from positions covered by multiple reads. In total, 27,441,156 SNPs overlapping with anatomical modern humans were utilized for further analyses.
Population structure inference
Principal component analysis (PCA) and ADMIXTURE were performed to assess the population genomic structures and relationship of the native populations from Malaysia. We analyzed the 12 samples together with 1984 unrelated individuals from 21 global populations, all of which were whole-genome sequenced samples. Nineteen of these populations were obtained from the 1000 Genomes Project Phase III data set (The 1000 Genomes Project Consortium 2010; http://www.1000g enome s.org). Other populations included were Simons Genome Diversity Project (SGDP) (Mallick et al. 2016) ; Singapore Malays (SSM) and Singapore Indians (SSI) released by the Singapore Sequencing Malay Project (http://www.statg en.nus.edu.sg/~SSMP); and Singapore Sequencing Indian Project (http://www. statg en.nus.edu.sg/~SSIP), respectively (Wong et al. 2013 (Wong et al. , 2014 . After stringent quality control for each population (missing rate per SNP < 0.05, and minor allele frequency > 0.05), 5,173,729 SNPs shared by all these populations were retained.
Then, we selected 26,242 SNPs that were at least 100 kb distant from each other to minimize the linkage disequilibrium (LD) between them, and used these SNPs in the ADMIXTURE analysis (Alexander et al. 2009 ). Principal component analysis (PCA) was performed using smartPCA program from EIGENSOFT package (Price et al. 2006 ).
Runs of homozygosity (ROH)
Runs of homozygosity (ROH) indicate long haplotypes identical by descent, reflecting processes such as consanguinity, population size reduction, or natural selection. ROH in this study is defined as any homozygous segment with sizes ≥ 100 kb (error tolerance at 1 bp per 100 kb; at least 10 kb in between two ROH calls). We identified the ROHs through PLINK (v.1.07), by sliding a moving window of 5000 kb across the genome.
Inference of effective population size and divergence time
We applied the Multiple Sequentially Markovian Coalescent (MSMC) analysis to estimate the time of population divergence (Schiffels and Durbin 2014) and to infer the effective population size (N e ) (Li and Durbin 2011) . These analyses were restricted to sites where less than 17 out of the 35 overlapping '35-mers' from the reference sequence can be mapped elsewhere with at most one mismatch (Li and Durbin 2011) , and, thus, remove regions 1 3 with ambiguous mapping reads. Read depth filtering was also applied to remove sites with potential duplications or deletions, and only reads with depths within 1/3 and 2.5 times of mean read depth were retained. In addition, high mapping quality reads were selected using MQ ≥ 30 as a criterion. In the N e estimation for each population, East Asian, European, and African genome sequences obtained from the Simons Genome Diversity Project (SGDP) (https ://www.simon sfoun datio n.org/life-scien ces/simon s-genom e-diver sity-proje ct/) were incorporated to provide a context for the genomes studied. We phased the genomes using SHAPEIT2 (Delaneau et al. 2012) . We scaled the time units of 2μT and effective population size in units of 2μN e × 10 3 , where μ is mutation rate and T denotes for divergence time in generation.
We estimated the divergent time (years) by assuming a slow mutation rate of 0.5 × 10 −9 per site per year (i.e., ~ 1.25 × 10 −8 per base per human generation for a generation time of 25 years) (Conrad et al. 2011 ), according to a study published recently by Lu et al. (2016) . This estimation is in good agreement with other reported estimations of divergence time between East Asia and African (McEvoy et al. 2011; Pugach et al. 2013) . Indeed, in most cases, the results tend to align better to paleoanthropological records and with the estimates from mtDNA (Scally and Durbin 2012) .
Estimation of gene flow based on TreeMix
To further investigate the relationship of the high-coverage anatomical modern human genomes sequences in this study, we generated a maximum likelihood drift tree of populations using TreeMix (Pickrell and Pritchard 2012) . It is an unsupervised method which generates models of population relationships that identifies a phylogenetic tree incorporating a specified number of admixture events. This method is considerably less vulnerable to the concern of prior expectation about human history of the subjects. Allowing 1-6 migration events, we performed 100 independent replications for each of them, with random orders of input populations, and showed the graphs with the maximum likelihood across replications using an YRI genome as the root.
mtDNA and Y-chromosomal haplogroup analyses
Full Y-chromosomal and mitochondrial sequences were called and annotated based on the key mutations commonly used for nomenclature. For mitochondrial haplogroup assignment, HaploGrep (Kloss-brandstätter et al. 2011) was used, whereas for Y chromosome, the in-house software was developed to assign the paternal haplogroup (unpublished).
Estimation of archaic genome admixture
We assessed the introgression between the AMH and archaic genomes using the D-statistics ) to measure the extent to which derived alleles are shared between the archaic and modern humans.
The F test (refer SOM18 in Green et al. 2010 ) was performed to estimate the proportion of archaic genome admixture in the 12 genomes studied.
S* (Vernot and Akey 2014) was applied to identify the archaic genomic segments in the genomes. This calculation was applied in this study, because it works well with small numbers of samples.
Details of the analysis processes are further elaborated in the Supporting Information.
Results
Sequence data QC and variant discovery
The genomes in this study were sequenced with coverage ranging from 28.21 to 38.55×. An average of 97.18% (SD = 0.68%; at a minimum coverage of 10×) of the reads was mapped to the reference genome. We observed 41,045,039 SNVs in the 12 OA and NB genomes (average of 3,431,588 for the OAs and 3,409,252 for the NBs, respectively). The OA-Mendriq (a sub-tribe of Negrito) carried the highest number SNVs, while the NB-Dusun had the least number. OA-Bateq (a sub-tribe of Negrito) carried the highest number of novel SNVs [i.e., not reported by Singapore Sequencing Malay Project (SSM), Singapore Sequencing Indian Project (SSI), and dbSNP138] (Table S2) .
Genetic relationship and population admixture
Principal component analysis (PCA) from a global scale revealed that the native populations from both Peninsular Malaysia and North Borneo constitute the same genetic cluster with East Asian (Fig. 1a) , suggesting that either they share a common ancestry with the rest of the East Asia populations, or there was a high level of gene flow between the studied populations and the East Asians. The cluster for OA tended to extend towards the South Asians, implying a possible admixture with the South Asians, whereas the NBs exhibited a closer affinity to the East Asians than the Malays (SSM) (Fig. 1b) . In ADMIXTURE analysis, the cross-validation error estimation suggested an optimal separation of four ancestral components (K = 4) ( Figure S2 ). The OA populations exhibited a mixture of South Indian (SSI) and East Asian (CHS) ancestry components. Intriguingly, we observed a small proportion of African component in the OA-Bateq samples. The OA samples appeared to be a distinct component (presumably to be the Austro-asiatic component) at K = 6. The NBs were found to carry more East Asian component (orange colour) than the Malay, in line with the observation from the PCA plot. At K = 8, component for NB appeared, which separated these populations from the rest of the Southeast Asian populations (Fig. 1c) . 
mtDNA and Y-chromosomal haplogroup analyses
The mtDNA and Y-chromosomal haplogroups assigned to the OAs and NBs are tabulated in Table S3 .
From the mtDNA analysis, three out of the four Negritos were assigned to the M21a haplogroup, whereas an individual from OA-Mendriq was assigned to F1a1a haplogroup, respectively. The OA-Semai (a sub-tribe of Senoi) carried the M51 and the B5a haplogroups. The M21a haplogroup was reported to be frequently observed in Negrito from Peninsular Malaysia (Hill et al. 2006; Jinam et al. 2012) and Thai (Fucharoen et al. 2001 ) dated ~ 45 kya (Behar et al. 2012) , whereas F1a1a was previously reported in Temiar (a sub-tribe of Senoi located closely to the Mendriq settlement) (Hill et al. 2006) . The M51 haplogroup found in a Semai individual is common in Cham of Vietnam (Peng et al. 2010) , while B5a haplogroup in another Semai individual was observed in Kensiu (Jinam et al. 2012 ) and was thought to be common in SEA. On a separate note, the haplogroups E1a (and its subtypes E1a1a and B49) found that in NB, populations are thought to be the putative markers for "Out of Taiwan" expansion (Hill et al. 2007) .
For the Y chromosome, most MI and NB genomes were assigned to clade O-known as the SEA/EA lineage. Meanwhile, the OA-Bateq were annotated under the N*-M231 haplogroup, which is widely distributed Y chromosome in Eurasia (Shi et al. 2013) . Interestingly, the OA-Mendriq genome was surprisingly annotated under the I2a2a1c1 haplogroup. This haplogroup is exclusively found in central Europe and the United Kingdom (McEvoy and Bradley 2010). The underlying reason is yet to be identified; however, we suspect that the European haplogroup could have been introduced to Mendriq directly or indirectly through the European colonization in the Malay Peninsula since 1500s by the Portuguese, Dutch, and the British. Other genomes were assigned to clade O-known to be the SEA/East Asia lineage. It was rather surprising though that the NB-Dusuns and NB-Muruts carried the respective O2a1* and O* haplogroups that are of Austro-asiatic (Mon-Khmer) and ProtoAsiatic lineages.
Inference of effective population size and population divergence
Ten genomes from five populations (two for each) were included in the MSMC analyses. NB-Rungus and NBSonsogon were excluded, since there was only one sample per population. The divergence among the native populations in Malaysia occurred relatively recent, ranging from 20.5 to 0.8 kya ( Fig. 2a ; Table S4 ). The Negritos (OA-Bateq and OA-Mendriq) first diverged from the NB populations between 20.5 and 9.3 kya; subsequently a split from Semai 6.9-0.8 kya (Table S4) . Our analysis revealed a deep divergence between the Negritos and the Papuan (46.2-37 kya), followed by European (31-49 kya), subsequently with East Asian (15-38 kya, overlapped with the divergence time between Negritos and the NBs) (Fig. 2b) . The divergence time between the Negritos and European is in agreement with the recent findings using SNPs' array data (Jinam et al. 2017) .
The overall N e for the natives from Malaysia was lower than the others, possibly because of their long period of isolation which then led to lower genetic diversity (Fig. 2c) . This is supported by the ROH analysis, which revealed that the OA-Bateq and OA-Semai genomes carried the most and the longest cumulative ROH, followed by the NB-Murut and NB-Sonsogon. The ROH length in OA-Mendriq, however, was shorter than in OA-Bateq and OA-Semai ( Figure S3 ). This is not surprising as OA-Mendriq is recently experiencing admixture with their neighbouring non-Negrito populations. We acknowledge, however, that the inference of divergence time and effective population size may be underestimated at least in part, by genetic drift resulting from population bottleneck, and subsequent gene flows between populations (Lu et al. 2016; Jinam et al. 2017) .
Gene flow between the natives from Malaysia and other modern human populations
We assumed the occurrence of six migrations events in the TreeMix analysis ( Figure S4 ). The tree topology revealed that the OA and NB populations were clustered in one branch with a long drift parameter, whereas the Malays (SSM) were clustered with the Han Chinese (CHB) (Fig. 3) . Gene flows were detected from the ancestor of NB to CHB/ SSM and another from the ancestor of SSI to OA-Mendriq. Analysis also detected a gene flow from African (YRI) to the ancestors of Austro-asiatic (OA-Bateq, OA-Mendriq, and OA-Semai).
Archaic genome introgression
We computed D (H 1 , H 2 , archaic genomes, and chimp Pantro2) for all pairs of individual genomes. Analysis revealed that the most significant archaic (Denisovan and Neanderthal) gene flow was seen in the Papuan and Australian aboriginal genomes relative to all genomes studied (Table S5) , as reported by the previous studies (Meyer et al. 2012; Wall et al. 2013; Mondal et al. 2016) . The Negritos were found to have no significantly higher Denisovan introgression relative to East Asians and South Asians; whereas the NBs consistently exhibited significantly higher introgression of Denisovan relative to the American and European populations ( Figure S5 ). On a separate note, all the 12 genomes studied showed consistently higher Neanderthal gene flow relative to the American, African and European, but no evidence of Figure S6 ). We then carried out the F test to estimate the admixture proportion of the archaic genomes (Table 1) . As expected, the highest proportion of Denisovan gene flow was observed in the Papuan and Australian genomes (~ 2.6%) when compared to the African genome YRI2, whereas our genomes showed a very minimal admixture proportion, of which the NB-Murut individual (NB12) exhibited the highest proportion of 0.7%. The 12 genomes of our study carried an estimated ~ 2-3% of the Neanderthal admixture, similar to other reported East Asian populations (Wall et al. 2013; Qin and Stoneking 2015) . The Malays (SSM) carried ~ 2% of the Neanderthal admixture proportion, which was the lowest among the SEA genomes. However, when the individual genome YRI2 was replaced by SAN2 as the reference (H 2 ), the proportions of gene flow for both Denisovan and Neanderthals in all genomes were reduced, except in Australians and Papuans. The apparent variation of archaic admixture between the YRI and SAN genomes may be explained by the gene flow from non-African populations (Wang et al. 2013) . Collectively, we found that the genomes from Peninsular Malaysia and North Borneo carried higher proportions of admixture from Neanderthal than the Denisovan genomes (Meyer et al. 2012; Wall et al. 2013; Prüfer et al. 2014) . The proportion of archaic introgression among the OA and NB is similar to the rest non-African AMH except Papuans.
Candidate genes derived from possible archaic ancestry
We asked whether the archaic segments identified play any important functional role to the populations studied. Therefore, the segments of the archaic genomes were identified using the S* method. The top 0.5% of the archaic genomic segments in each of the 12 unrelated genomes is listed in Table S6 . Annotation of the genes mapping in these segments using DAVID pathway analysis (http://david .abcc. ncifc rf.gov/) suggested gene enrichment in the immune system (Table S7 ). The gene lists were compared with those reported in the literature (Mendez et al. 2012; Sankararaman et al. 2014 ) and found significant GO enrichment in the terms "keratin filament" and "olfactory receptor activity". This is in strong agreement with Sankararaman et al. (2014) . The archaic segments were found to vary between the OA and NB populations (Table S8 ), but the genes harbouring these segments were predominantly involved the neuro-transmission mechanism and cognitive or learning ability, as well as immune response against infections. This observation may suggest a different population history of these populations since the divergence from their common ancestor. On the other hand, the archaic segments and the candidate genes that were found to be overlapped between OAs and NBs may implicit their importance to the survival of the AMH in the SEA tropical rainforest, thus warrant further investigations. For instance, SLC30A9 is a transcription factor that was identified as a positive natural selection signal in the Negrito and Senoi populations using HaploPS and XP-EHH methods (Liu et al. 2015) , as well as the European and Asian populations (Perdomo-Sabogal et al. 2014; Racimo 2016) .
Discussion
This study presents the first comprehensive whole-genome sequencing of the native inhabitants from Peninsular Malaysia and North Borneo. Although genotyping assays are available on-shelf, the design may not have tagged many of the variants in these indigenous populations in particular those from Southeast Asia, hence, whole-genome sequencing is important. In addition, although many sequence data are available now, the coverage of the global genomic variations is insufficient (Lu and Xu 2013) . Of particular note, variants at low frequencies could have been difficult to detect without studying the indigenous populations (Bustamante et al. 2011; Fan et al. 2016) . The success story exemplified by the Greenlandic Inuit population study (Fumagalli et al. 2015) implies that indigenous populations can be informative for identifying variants of fundamental importance across different populations.
A recent large-scale sequencing study-the Simons Genome Diversity Project (SGDP)-covers populations from most parts of the world, including the ones from Southeast Asia (Mallick et al. 2016) . Our study on the other hand reports the populations that were not included in SGDP, and to some extend, closes the gaps in the history of global genome diversity and migration.
To date, the trace of the peopling history in SEA remains obscure and far from concluded. Our analyses revealed that the populations from Peninsular Malaysia and North Borneo diverged from Europeans ~ 31-50 kya, overlapping with the separation time frame with the Papuans (~ 38-54 kya) ( Fig. 2b ; Table S4 ). This contradicts with the estimation by a recent study that claimed the Papuan-Eurasian split occurred ~51-72 kya (Malaspinas et al. 2016) . Our study also suggests that our genomes separated from the Europeans predate the divergence with East Asians/Kusundas which coincides with the findings on the Andamanese study (Mondal et al. 2016) . We acknowledge that the estimation of time of divergence should be interpreted with caution, since it could potentially be influenced by the recent events of admixture or genetic drift (Jinam et al. 2017 ). More evidence from various aspects is required before the conclusion can be made.
We confirm that the populations from Peninsular Malaysia and North Borneo share a common origin with East Asian, consistent with numerous reports earlier (Deng et al. 2014; Aghakhanian et al. 2015; Liu et al. 2015) . Our results also imply that the Negritos are likely the descendants of the ancestral people that first inhabited the region of Malay Archipelago, as reflected by the mtDNA haplogroup M21a consistently observed in the Negrito (Hill et al. 2006; Behar et al. 2012; Jinam et al. 2012) . The "Early Train migration" which could have introduced the swiddening Austro-asiatic agriculturist, coincides with the divergence time frame between the Negrito (OA-Bateq and OA-Mendriq) and Senoi (OA-Senoi), thus may explain in part, the decline of N e in Bateq (Jinam et al. 2012; Aghakhanian et al. 2015) .
The gene flow observed between Negrito and South Asia as detected by ADMIXTURE and TreeMix is consistent with the postulation of the earliest coastal route migration of modern humans' out of Africa into SEA via the Indian 1 3 subcontinent (Zhang et al. 2013 (Zhang et al. , 2015 . Another possible explanation could be attributed to the colonization by the Hindu empires in the Malay Archipelago since beginning of the century. However, further investigations are required to confirm the source of the gene flow. Surprisingly, the TreeMix analysis detected a gene flow between Africa (YRI) and the ancestors of the Australo-asiatic (OA-Bateq, OA-Mendriq, and OA-Semai), which was reflected by the small proportion of the African component detected in the ADMIX-TURE analysis. The reason of this gene flow is uncertain. However, considering that there is almost no possibility of recent contact between these populations, we speculate that it could possibly be attributed to the ancient genetic component from the direct descendants' out of Africa, although we do not exclude the possibility of ascertainment bias.
The linguistic, as well as social and cultural practices of the native populations from North Borneo have been previously linked to the Taiwan aborigines (Gray et al. 2009 ) and have been thought to be related to the descendant Austronesian expansion (Soares et al. 2008) . The gene flow observed from the NBs to the Malays (SSM) may imply a shared ancestral component from Borneo to Malay Peninsula, which coincides with the Austronesian expansion route. Intriguingly, the divergence time frame between East Asia and the NB populations predates the Austronesian expansion period (~ 20 kya) and implies that a possible pre-Neolithic colonization as claimed by the earlier studies (Lipson et al. 2014; Soares et al. 2016) . The lower N e is probably attributed to their long period of isolation which led to inbreeding events. This is reflected by their isolated residence deep in the interior parts of the North-East in the North Borneo region, and the population size of these minority tribes (such as Sonsogon) is dwindling numbering only ~ 2000-4000 individuals.
We confirm that there is a higher proportion of Neanderthal-like ancestry in our populations than in the Europeans, similar to the other East Asia populations (Meyer et al. 2012; Wall et al. 2013) . The previous studies have suggested a higher proportions of Denisovan genome introgression in East Asia and SEA, thus proposing a more complex history of AMH (Reich et al. 2011; Skoglund and Jakobsson 2011; Wall et al. 2013) . However, the proportion of Denisovan genome introgression in the 12 genomes of this study was found compatible to those in European and/or East Asian genomes (ranging from 0.03% in NB-Sonsogon to 0.75% in NB-Murut when YRI was used as reference) (Table 1) . Our findings are consistent with the recent reports (Qin and Stoneking 2015; Mallick et al. 2016) .
In addition, the archaic segments identified appeared to have varied between the OA and NB populations, indicating that conserved archaic segments vary across different populations Akey 2014, 2015) . Judging the similar introgression amount between the SEA and East Asia samples, the gene flow could have occurred before the divergence of these populations and that the similar introgression amount between Southeast Asian and East Asian is likely the ancestral component. Subsequently, selection pressure and local adaptation to the tropical rainforest may have acted on different populations in a different timeframe. Genes conserved in the putative archaic segments among these samples, suggesting its importance in shaping the phenotypes to allow adaptation in the tropical rainforest, in particular the immune response against pathogens (Perdomo-Sabogal et al. 2014) . However, it is noteworthy that the significant enrichment of keratinocytes (keratin filament) in our samples appears to be consistent with other studies (Vernot and Akey 2014; Sankararaman et al. 2014) .
In summary, this report: (i) unveils the genetic architecture of the native populations from Peninsular Malaysia and North Borneo and (ii) complements the understandings of various speculations about migration history and archaic genomes introgression of AMH in SEA.
